A handful of fast radio bursts (FRBs) are now known to repeat. However, the question remains -do they all? We report on an extensive observational campaign with the Australian Square Kilometre Array Pathfinder (ASKAP), Parkes, and Robert C. Byrd Green Bank Telescope, searching for repeat bursts from FRBs detected by the Commensal Real-time ASKAP Fast Transients survey. In 383.2 hr of follow-up observations covering 27 FRBs initially detected as single bursts, only two repeat bursts from a single FRB, FRB 171019, were detected, which have been previously reported by Kumar et al. We use simulations of repeating FRBs that allow for clustering in burst arrival times to calculate new estimates for the repetition rate of FRB 171019, finding only slight evidence for incompatibility with the properties of FRB 121102. Our lack of repeat bursts from the remaining FRBs set strong limits on the model of all bursts being attributable to repeating FRBs, with at most 18.5% (90% C.L.) of these FRBs having an intrinsic burst distribution similar to FRB 121102. In particular, for the FRB with lowest DM -FRB 171020 -the maximum rate is less than 1% that of FRB 121102, all other properties being equal. This result is shown to be robust against different assumptions on the nature of repeating FRB behaviour, and indicates that if indeed all FRBs repeat, the majority must do so very rarely.
INTRODUCTION
Fast Radio Bursts (FRBs) are mysterious, bright bursts of radiation at radio wavelengths, discovered serendipitously just over a decade ago by Lorimer et al. (2007) at the Parkes telescope. FRBs have durations of a few hundred microseconds to tens of milliseconds, and dispersion measures (DMs) which can exceed the contribution due to the Interstellar Medium (ISM) of the Milky Way by more than an order of magnitude. Their high DMs are dominated by traversal of the pulse through the Intergalactic Medium (IGM) over Mapping Experiment (CHIME; CHIME/FRB Collaboration et al. 2019a) , and the Deep Synoptic Array ten-antenna prototype (DSA-10; . FRBs have been seen at radio frequencies only, from 100 MHz to 8 GHz, despite extensive follow-up work at all other wavelengths (e.g. Bhandari et al. 2018) .
No additional bursts were discovered at the location of any FRB until 9 repetitions from FRB 121102 were discovered at the 305-m Arecibo telescope (Spitler et al. 2016) , in a source itself discovered earlier by Spitler et al. (2014) . Since then, CHIME/FRB Collaboration et al. (2019a,b) have discovered nine new repeating sources. The inferred all-sky rate of bursts observed by CHIME is too high to be consistent with models predicting once-off bursts . Most recently, in GBT follow-up observations, one of the ASKAP bursts, FRB 171019, has been observed to repeat (Kumar et al. 2019) .
Despite these recent discoveries, FRB 121102, having been localised to its host galaxy at z = 0.1927 (Tendulkar et al. 2017; Chatterjee et al. 2017) , remains by-far the best-studied FRB. The degree to which the properties of FRB 121102 relate to the other repeaters is currently unclear. At a more fundamental level, the question "which FRBs repeat?" remains unanswered, with an alternative hypothesis allowing for two or more populations.
Here, we test this hypothesis on the bright FRB population through deep follow-up observations for FRBs detected by The Commensal Real-time ASKAP Fast Transients (CRAFT) Survey. In Section 2, we describe the full set of observations from this follow-up program. Using a model for a repeating FRB developed in Section 3, we place limits on repetition rates -allowing for non-Poissonian burstwait-time distributions -in Section 4.1. Importantly, by only analysing the probability of detecting multiple bursts from already identified FRBs, we eliminate the bias inherent in the initial detection. FRB 171019 is analysed similarly in Section 4.2, where we derive both lower and upper bounds on its repetition rate. We discuss our results in the wider context of models of repeating FRBs in Section 5.
CRAFT OBSERVATION PROGRAM
CRAFT is a very wide-area FRB survey using the Australian Square Kilometre Array Pathfinder (ASKAP) telescope (Macquart et al. 2010) . At the time of writing, 28 FRBs have been reported (Bannister et al. 2017; Shannon et al. 2018; Macquart et al. 2019; Qiu et al. 2019; Bhandari et al. 2019; Agarwal et al. 2019; Bannister et al. 2019; Prochaska et al. 2019 ). The automated FRB search scheduling, and very wide search area on the sky, means that the locations of most detected FRBs have been observed extensively. This alone can be used to constrain the repetition rate James 2019) . No repeat bursts have been found for any previously reported FRBs in ASKAP data, which is inconsistent with all FRBs sources being similar to FRB 121102 (James 2019) .
Compared to other FRB searches, ASKAP/CRAFT observations have a relatively high detection threshold -26 Jy ms in Fly's Eye mode (Shannon et al. 2018; James et al. 2019a) , and no lower than 4.3 Jy ms in incoherent sum mode ). This is compensated-for by having a high field of view (FOV), making it sensitive to the rarest, and (likely intrinsically) brightest, bursts. We have therefore been pursuing an extensive follow-up program of CRAFT FRBs with Parkes and the GBT. These are both more-sensitive telescopes, the low FOVs of which are offset by CRAFT FRBs being localised to a few arcmin. They are also capable of observing a similar frequency range to that over which CRAFT FRBs have been discovered (0.8-1.4 GHz).
This CRAFT follow-up program has recently discovered two repeat bursts from one of the bright ASKAP/CRAFT FRBs, FRB 171019 (Kumar et al. 2019) , with the CHIME collaboration also detecting a repeat burst (Patek & Chime/Frb Collaboration 2019) . Additionally, one new burst, FRB 180318, has been discovered, which is unrelated to any of the previously observed bursts. The analysis of this FRB is ongoing, and will be reported elsewhere. However, no repeat bursts have been detected from any of the other CRAFT FRBs.
Follow-up observations
The data reported here cover ASKAP, Parkes, and GBT observations until June 26 th 2019, targeting the first 27 FRBs reported by the CRAFT collaboration up to and including FRB 180924. Observations at Parkes were recorded using the multibeam receiver (Staveley-Smith et al. 1996) , which nearly overlaps with the CRAFT observations in terms of frequency coverage. The observations at GBT were performed mostly used the 800 MHz receiver, with a few observations performed at 1500 MHz. The Parkes observations were analysed in real-time using the standard transient pipeline based on Heimdall (Barsdell 2012) used by other surveys, most recently by Os lowski et al. (2019) . GBT data were recorded for offline processing and searched for repeated bursts using the pipeline described in detail by Kumar et al. (2019) . Table 1 summarises the relevant properties of the telescopes and Table 2 shows the total effective amount of time observed per source with the different followup facilities included in this analysis.
In a total of 383.2 hr of follow-up time (i.e. on instruments other than ASKAP), two repeat bursts, and one new FRB, were detected. The repeat bursts, both from FRB 171019, are reported elsewhere (Kumar et al. 2019) , and the analysis of the new FRB is ongoing. Our key result, however, is that in this large follow-up campaign, and during ASKAP observations of the same field, only one FRB was detected to repeat. We thus proceed to derive limits on the repetition rates of each object, should they indeed repeat at all.
MODEL OF REPEATING FRBS
We base our model of a repeating FRB on the behaviour of FRB 121102. FRB 121102 is associated with a dwarf galaxy host at a redshift of z ≈ 0.19 (Chatterjee et al. 2017; Tendulkar et al. 2017 ). The bursts have DMs consistent with arising from a constant DM of 559.6 pc cm −3 , with an observational scatter of 4.2 pc cm −3 per burst (Hardy et al. 2017 ). The host galaxy has an apparent r band magnitude of M r = 25.1 AB mag, and a stellar mass of 4-7 × 10 7 M Since only one of the 27 ASKAP FRBs used in this analysis has been localised to its host galaxy, the model is written in terms of observable properties: fluence F, and rate in the observer frame R, at the mean frequency ν = 1.296 ≈ 1.3 GHz at which most were discovered. We discuss the implications for the intrinsic properties of these sources in Section 5.1.
Fluence distribution
Given the range of telescope sensitivities used to observe CRAFT FRBs, and the variation in source distance expected from their DMs, the burst fluence distribution strongly affects the relative rates at which each telescope should detect repeat bursts. Law et al. (2017) presented a study of 17 repeated bursts from FRB 121102, estimating the cumulative slope of this distribution in log-log space to be γ = −0.7, with a burst rate above 10 38 erg of approximately once per hour. We therefore describe the cumulative burst rate distribution R as
where F 1.3 GHz is the fluence at 1.3 GHz, R 0 is the rate of bursts with fluence above 1 Jy ms, and γ is the cumulative power-law index. James et al. (2019b) have recently shown that s, being the ratio between the signal-to-noise ratio (S/N) of each burst, and the threshold S/N used in the detection algorithm, S/N th , will follow the same power-law as the true underlying fluence distribution. This allows all data on FRB 121102 where these values have been published to be used to estimate γ. Applying this method to the nine VLA bursts from Law et al. (2017) , and 21 bursts from Gajjar et al. (2018) , James (2019) finds γ = −0.91 ± 0.17. Gourdji et al. (2019) , using 29 bursts from a total sample of 41 bursts detected by Arecibo, estimate γ = −1.8 ± 0.3. Using the s statistic, which allows the inclusion of all bursts while reducing potential sources of bias, produces γ = −2.3 +0.4 −0.3 . This is clearly in conflict with previous results. It is also internally inconsistent with a power-law: the distribution of S/N within the sample is extremely peaked towards near-threshold events.
A population of FRBs repeating similarly to FRB 121102-i.e. as per equation (1) -will produce an intrinsic luminosity distribution for the FRB population with the same power-law index γ. Macquart & Ekers (2018) note that the FRB population must exhibit a burst strength index flatter than γ = −1.5 in order to obtain a cosmological distribution of bursts dominated by the intrinsically brightest events, as now found for the ASKAP/CRAFT sample by Shannon et al. (2018) . Using this sample, Lu & Piro (2019) find γ = −0.6 ± 0.3 for the intrinsic luminosity distribution of the ASKAP/CRAFT FRBs.
In this work, we therefore consider the range γ = −1±0.5
to cover a broad range of possible burst strength indices, while noting the range γ = −0.9 ± 0.2 is most likely.
Spectral properties
Bursts observed from FRB 121102 are contained in a relatively narrow frequency range (Law et al. 2017) , and are typically composed of several temporal sub-bursts . As all searches used in this work use the entire bandpass with equal weighting to evaluate burst S/N, spectral structure on frequency scales much smaller than the bandpass will not affect telescope sensitivity. However, the different observation frequencies and bandwidths require a model for how the burst rate scales between instruments.
To develop such a model, we use a power-law with spectral index α, such that the fluence at frequency ν is
(2)
We do not consider any low-frequency cut-off in the burst spectrum, as suggested by Sokolowski et al. (2018) , since the CHIME collaboration have observed bursts down to 400 MHz (CHIME/FRB Collaboration et al. 2019a), below the frequency ranges of the observations reported here. Macquart et al. (2019) , analysing a sample of 23 ASKAP bursts almost identical to that used here, find α = −1.5 +0.2 −0.3 from the distribution of spectral power within the 336 MHz ASKAP band. For FRB 171019, Kumar et al. (2019) find evidence for a much steeper spectral index than the nominal value of α = −1.5, with most-likely values near α = −8 or steeper. This cannot be typical of all ASKAP FRBs, nor typical of the population observed by CHIME down to 400 MHz, since far more bursts would then have been detected. It is also inconsistent with the nondetections of ASKAP FRBs by the Murchison Widefield Array (Sokolowski et al. 2018 ). However, it is possible for a single, unusual object to have properties very different from that of the entire population. Therefore, we assume α = −1.5 for the majority of FRBs in Section 4.1, and consider 0 α −8 for FRB 171019 in Section 4.2.
Equation (2) can be interpreted as either modelling the spectral index of individual broadband bursts, or as modelling the frequency-dependent rate of bursts individually contained within a narrow bandwidth through equation (1). The fluence thresholds F th quoted in Table 1 are calculated assuming full band occupancy. Should observational bandwidth increase beyond the characteristic bandwidth of repeat bursts however, both the fluence threshold F th , and number of bursts occurring within the bandwidth, will increase linearly. The former effect will act to decrease the observation rate, while the latter will increase it. For the fluence dependence given by equation (1), the total rate
where the standard ASKAP bandwidth of 336 MHz is used as a normalisation constant. Given that γ is likely to be in the range −0.5 to −1.5 (see Section 3.2), the total rate will scale with bandwidth to the power of ±0.5.
For computational simplicity, we only consider two cases in this work. The 'standard' case, using the nominal thresholds of Table 1 regardless of bandwidth, applies to broad-band bursts, or to narrow-band bursts when γ = −1 through equation (3). We also consider a pessimistic case, where
equivalent to γ = −2. This scenario is termed 'low band occupancy', since it represents a burst occupying a small range of frequencies in the observation band.
Arrival time distribution
The arrival-time distribution of bursts from FRB 121102 appears to be clustered, with bursts typically discovered in groups (e.g. Gajjar et al. 2018 ). Oppermann et al. (2018) find that a Weibull distribution describes the observed clustering of bursts, and measure a repeat rate of 6 +3 −2 events per day for fluences > 20 mJy, and a clustering parameter k of 0.34 +0.06 −0.05 . The Weibull distribution is commonly used in failure analysis. In this context, a value of k < 1 models cases where failure is likely to occur immediately (e.g. due to defects), with a failure rate decreasing over time, while k > 1 models cases where the failure probability increases with time, e.g. due to ageing. The case of k = 1 is a failure rate independent of time, i.e. a Poisson process. In the context of emission from a repeating FRB, k < 1 indicates a clustered distribution, with a high probability of short wait times between bursts, but also a high probability of long periods of inactivity, while k = 1 is the Poisson case with an exponential wait time distribution between bursts. Note that this is in contrast to a model with active and inactive periods, with the former having a higher emission rate than the latter, but with burst times being governed by a Poisson process within each period.
We model the potentially clustered nature of repeating FRBs using the same approach as Oppermann et al. (2018) , i.e., the probability distribution P of wait times δt between successive bursts
where Γ is the gamma function. This parametrization holds R constant while changing k. For completeness, we investigate the range k =0.1-1.
Burst width and scattering
The sensitivity of an FRB search reduces with burst width, as a finite fluence is spread over more noise. The burst width is attributable to an intrinsic width, which we assume is frequency independent; scatter broadening, which will increase at lower frequencies as ∼ ν Here, we use the detected widths of ASKAP bursts to estimate telescope sensitivity at 1.3 GHz, and consider different sets of assumptions in scaling to other frequencies.
The three considered assumptions are that the burst widths observed by ASKAP contain no scattering contribution; that they are entirely scatter-dominated; and (the most pessimistic case) that they are scatter dominated at frequencies below 1.3 GHz, but limited by their intrinsic width at higher frequencies. In these scenarios, the observed frequency-dependent burst width w obs (ν) is scaled from the ASKAP width w A as
The width due to dispersion smearing within each frequency channel, w DM , is given by
where δν is the channel width from Table 1 .
Sensitivity dependence
For a given fluence, the sensitivity to a transient source scales with its effective duration w eff as
We model the total effective width of a burst, W eff , following Cordes & McLaughlin (2003) , using the geometric sum of its individual widths
where w DM is the smearing of dispersion measure in each frequency channel (evaluated at band centre), w samp is the time resolution used for the (incoherent) dedispersion search, and w obs is given by equation (6).
Implementation in a simulation
Limits on the repetition properties are generated as follows. Each simulation run is characterised via the parameter set k, R, γ, a set of assumptions on band occupancy, burst width, and spectral index α, and the FRB in question. The list of observations for that FRB for each telescope is loaded and sorted in chronological order. The nominal thresholds are then scaled to effective thresholds at 1.3 GHz using the observed width w and DM of each burst, and each observation's properties from Table 1. In the case of ASKAP ICS observations, the frequency, bandwidth, and number of telescopes N varied for each observation, and the effective threshold is calculated accordingly, using F th ∼ N −0.5 ). The sensitivity of each ASKAP observation is also scaled according to the sensitivity of the discovery beam, and position in that beam, according to James et al. (2019a) . Due to an error in metadata, some observations with the Parkes multibeam were offset from the position of the FRB being followed-up. In these cases, the telescope threshold is increased to account for the reduced Table 3 . Effective telescope thresholds (Jy ms) to FRB 180128.0 (DM = 441.7 pc cm −3 , w A = 2.9 ms), under different sets of assumptions. These are the 'standard' scenario (α = −1.5, w ∝ ν 4.4 , full band occupancy); setting a flat spectrum (α = 0); no scattering (w = w A ), pessimistic scattering from equation (6); and low band occupancy from equation (3) sensitivity away from beam centre. For most Parkes and all GBT observations however, the location of the FRB was sufficiently well-localised (see Shannon et al. 2018 ) that no beam correction is needed. An example of the effective thresholds F eff calculated with this procedure are given in Table 3 , for different sets of assumptions on burst width, band occupancy, and spectral index. By design, the sensitivity of ASKAP Fly's Eye observations is unaffected by this choice of assumption, since F eff is normalised by these observing parameters. The variation in ASKAP ICS observations is due to some observations having lower frequency and/or a longer integration time. The Parkes multibeam, with similar bandwidth and observation frequency to ASKAP, also has an approximately constant F eff . The telescope most affected is the GBT. Observations with the 800 MHz receiver are at a lower frequency, and Lband observations have a much broader bandwidth. This results in sensitivity varying by factors of 5-10 between different assumptions.
Simulation method
Beginning with the time of the FRB discovery, sequences of burst wait times are drawn according to equation (5), using the Weibull parameter k, and the rate R scaled from a nominal value above 1 Jy ms to the lowest value of effective telescope threshold. Time is defined relative to the initial discovery, and sequences must begin at that time. The Weibull distribution is statistically identical when generating bursts both forwards and backwards in time, and this is done to cover all observations that would have been sensitive to that FRB, i.e. both before and after the initial discovery. The fluence of each burst generated during an observation period is sampled according to the differential power-law index of γ − 1. If that burst passes the telescope threshold, it is counted as a detection (the initial discovery is ignored). An example of such a sequence is shown in Fig. 1 .
Discounting the initial discovery is a critical statistical step in our analysis. Since we do not estimate the population of repeating FRBs from which we observe no bursts at all, using the initial detections would create a bias towards high estimations of the rate. Rather, these are used to identify the presence of a potentially repeating FRB, and we model the probability of a repeat burst given the time of the initial observation. Figure 1 . Graphic illustrating the simulation of a sequence of bursts (black dots), compared to observations (blue lines), and detections (red circles). The observation lines have minima at the effective threshold, and span the time range observed. This case is for FRB 180119, for R 0 = 1 day −1 , k = 0.34, γ = −0.9, and the standard set of assumptions. The original discovery, at time T = 0 days, is not shown. Note that many ASKAP observations are sufficiently close in time that the lines overlap.
In order to obtain a good statistical estimate of the probability of detecting a repeat burst, 1000 such sequences are generated for each simulation run. The total number of sequences in which one or more repeat bursts are detected is recorded. The rate R is then increased until all 1000 such sequences produce more repeat bursts than observed for that FRB, and reduced until no repetitions are observed. These data are then used to fit probabilities p(R|k, γ) of any given repetition outcome (e.g. no detected repeats) as a function of R for each k, γ, and set of assumptions. An example of these fits -performed with SciPy (Virtanen et al. 2019) , with a 5 th -order polynomial in log R-log p/(1 − p) space to obtain smooth results in both the limits p → 0 and p → 1 -is given in Fig. 2 . The fits are reliable in the range 0.002 < p < 1, allowing limits of up to 99.7% (3σ) confidence to be set.
RESULTS

Limits on repetition for FRBs with no repeats
For those FRBs with no observed repeat bursts (all except FRB 171019), confidence limits on repetition rates R can be set when the probability of detecting one or more repeat bursts is equal to the desired level of confidence. It was found that quoting limits at the threshold of 0.1 Jy ms showed least variation with γ. Fig. 3 displays the 90% confidence upper limits, R 90 , on the burst rate R above 0.1 Jy ms for FRB 170107. For the standard scenario (α = −1.5, scattering as ν −4.4 , full band occupancy, k = 0.34, γ = −0.9), R 90 was found to be 2.6 day −1 . Holding k and γ constant and varying assumptions regarding scattering, band occupancy, and allowing spectral index to be 0, varied R 90 between 1.9 day −1 and 3.2 day −1 , i.e. ±25%. This is comparable to the variation when allowing only k and γ to fluctuate within their nominal ranges of 0.29 to 0.4 and −0.7 to −1.1 respectively (R 90 varying by ±17%). Allowing very clustered distributions (k = 0.1) results in weaker limits for γ < −0.8, with R 90 = 48 day −1 for γ = −1.5. This is because more-negative values of γ place emphasis on the more sporadic follow-up observations with Parkes and GBT, which could easily miss an outburst. The strongest limits of R 90 = 0.56 day −1 are placed for γ = −0.5.
Given the dominance of uncertainties in k and γ, for other FRBs in the sample, we only simulate the 'standard' scenario. Table 4 reports 90% confidence upper limits, R 90 , on the repetition rate above 0.1 Jy ms, and the variation in R 90 when varying (k, γ) over the ranges (0.29 to 0.34,−1.1 to −0.7), and (0.1 to 1,−1.5 to −0.5) respectively. The differences reflect the integration times from Table 2 and telescope  sensitivities from Table 1 .
Limits on repetition for FRB 171019
In the case of FRB 171019, limits on burst properties can be derived considering that precisely two repeat bursts were ob-0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 k 1.5 served; that these bursts were observed by the GBT 800 MHz receiver; and that the bursts were observed on 2018-07-20 at 08:33:37 UT (observation of 1200 s duration) and 2019-06-09 at 07:40:46 UT (observation of 8397 s duration). The first piece of information allows both upper and lower rate limits to be set for any given k, γ, and α. It also disfavours small values of k distributions, since such clustered distributions tend to produce either no or many repeats. The second clearly constrains the valid range of γ and α, and will favour steep spectral indices for both, since the bursts were observed in the lowest-frequency observation only, and the far more numerous ASKAP Fly's Eye observations made at only slightly higher frequencies were at a lower sensitivity.
The third also disfavours clustered burst arrival times, since these would likely be observed in the same observation period.
We simulate burst sequences for FRB 171019 as per Section 3.7 as a grid in k-γ-α, recording the fraction of bursts satisfying the above criteria. Since it is computationally intensive to recreate the exact observation times of repeat bursts, we count all instances where two bursts are detected by the GBT at 800 MHz in two different observations as satisfying our constraints. We again fit the simulated probability as a function of R, P(R|k, γ, α), and use its maximum, P max (k, γ, α), to set confidence limits. Fig. 4 shows P max (k, γ, α) for three values of k. The global probability is maximised at 24.6% for α = −6, k = 1 (Poisson), γ = −1.5, and R(F > 1 Jy ms) = 1.17 · 10 −2 , although there is a broad maximum for small values of γ, α, and large values of k. Both the steep spectrum and the Poissonian burst time distribution is consistent with the analysis of Kumar et al. (2019) .
At the nominal value of k = 0.34, the probabilities vary little in α-γ space, with only large values of γ strongly disfavoured.
Interestingly, for k 0.2, less-negative values of α become favoured. This is because it becomes more plausible to have a higher expected detection rate for the > 1 GHz Parkes and GBT observations, which just happen to miss periods of outburst, and a lower expectation for GBT 800 MHz observations, which luckily happens to barely catch two outbursts. Since ASKAP observations were widely spread in time, it becomes difficult to avoid these with unlucky outburst timing, so that γ = −1.5 becomes strongly favoured.
The estimated probabilities p correspond to the likelihood of an observation given a particular hypothesis on R, α, γ, and k. Confidence intervals can therefore be calculated using Wilks' theorem (Wilks 1962) , which states that in the large-sample limit, the test statistic ∆D ≡ 2 [log p(R, α, γ, k) max − log p(α, R, γ, k) true ] ∼ χ 2 4 , (10) where the subscript 'max' indicates the parameter values maximising the probability p, and 'true' indicates the true value of these parameters. The R-α-γ-k space sets the degrees of freedom for the χ 2 distribution to four. This is used to generate the confidence regions in Fig. 4 .
Marginalising over all other parameters, the allowed ranges at 68% confidence are k > 0.4, α > −1, with no constraints on γ (γ = −0.5 is barely allowed for α = −8.0, k = 1). At 90% C.L., only k = 0.1 can be excluded.
The −1.5 lies on the 90% exclusion level. The rate maximising this probability is R(F > 0.5) Jy ms = 0.5 day −1 , significantly less than that of FRB 121102.
DISCUSSION
Absolute rates
A distance estimate to each FRB is required in order to translate our limits on rates above a given fluence observed at Earth into limits on the intrinsic rate above some energy. However, only one FRB in the sample, FRB 180924, has a confidently identified host (at z = 0.3214; Bannister et al. 2019 Table 5 . Estimated maximum redshifts, z max , of each FRB, and corresponding 90% C.L. upper limits on the intrinsic FRB rate R 0 (also given in Fig. 5 ) as a function of γ, for k = 0.34 and other standard parameters. * As it has been localised, the true redshift of FRB 180924 is used.
model of Cordes & Lazio (2002) , attributing a halo contribution equal to the minimum of 50 pc cm −3 (Prochaska & Zheng 2019) , and ignoring any host galaxy contribution, allows the DM-z relation due to the IGM from Inoue (2004) to be used to estimate a maximum redshift, z max . These are given in Table 5 . Note that limits on the intrinsic FRB behaviour become weaker as the assumed distance to the source increases, so that using z = z max leads to upper limits on the intrinsic rate. The observational limits in Table 4 are rates above 0.1 Jy ms, which translates to an energy threshold E given by the fluence-energy relation of Macquart & Ekers (2018) ,
for luminosity distance D L , assumed bandwidth ∆ν = 336 MHz, and a burst occupying the entirety of ∆ν with spectral dependence α. The intrinsic rate R is also increased by 1 + z to account for time dilation. The final limits are scaled to a rate above E = 10 38 erg using γ = −0.9 ± 0.2. The results are shown in Fig. 5 . For FRBs with high DM/z max , the limiting fluence of 0.1 Jy ms translates to energies > 10 38 erg, so that limiting rates scaled to this threshold then get weaker as γ decreases. The converse is true for low-DM FRBs. The largest effect of γ is therefore a factor of 5 difference in R 90 for the highest-DM FRB in the sample, 170428, with a DM of 991.7 pc cm −3 . This effect dominates over variation in limits due to uncertainties in k. The range of rates measured for FRB 121102 is shown as a grey band spanning 4.5-24 day −1 , covering estimates from Law et al. (2017) , Gajjar et al. (2018) , Oppermann et al. (2018) , and James (2019). A total of 19 FRBs in our sample can be excluded at 90% confidence as being repeating FRBs with repetition rates similar to that of FRB 121102. In some cases -171020, 171213, and 180212 -the maximum rate is a factor of 50 below that of FRB 121102, even for γ = −0.7.
For FRB 171019, its maximum redshift, z max = 0.385, is much greater than that of FRB 121102, with z = 0.193 (Tendulkar et al. 2017 ). Hence, despite its observed rate being lower, its intrinsic rate may be identical to that of FRB 121102. It may, however, be much closer, and hence have a significantly lower intrinsic rate.
Do all Fast Radio Bursts repeat?
Our observations here prove that the majority of bright FRBs observed in the CRAFT survey cannot repeat with the regularity of FRB 121102. This does not necessarily mean they do not repeat at all. Models of FRBs powered by young neutron stars (Cordes & Wasserman 2016; Connor et al. 2016; Pen & Connor 2015) or magnetar flares (Popov & Postnov 2010; Thornton et al. 2013; Kulkarni et al. 2014; Metzger et al. 2017 ) would be expected to produce fewer, weaker bursts as they age through spin-down or magnetic field decay. This should then produce a population Φ of repeating FRBs with a distribution of repetition rates, similarly to the observed population of pulsars and magnetars. James (2019) argues that a rate distribution according to Φ(R) ∼ R −2 dR is consistent with the number of single bursts observed in the CRAFT lat50 survey of Shannon et al. (2018) . Note this is not the distribution of rate as a function of energy for a given FRB, but the distribution of rates above a fixed energy over the population of FRBs.
In this model, FRB 121102 would be a rare, rapidly repeating object, as may be FRB 180814.J0422+73 (CHIME/FRB Collaboration et al. 2019b) and FRB 180916.J0158+65 (The CHIME/FRB Collaboration et al. 2019), while the remaining seven repeating CHIME FRBs may be more numerous, less-frequently repeating objects. Whether or not the model is quantitatively consistent with the observed number of both once-off and repeating CHIME FRBs would require more-detailed estimates of the CHIME survey's sensitivity, sky coverage, and effective observing time than are currently present in the literature.
Is this model consistent with the follow-up observations presented here? While the volumetric number density of repeating objects scales as R −2 dR, the number of bursts produced by each FRB scales with R by definition. Hence, the probability that a burst comes from an FRB with intrinsic rate R scales as R −1 dR. That is, each observed single burst has equal probability of being attributable to a given range in d log R. To detect one repeating FRB, and exclude 19, from having a repetition rate similar to that of FRB 121102, suggests that at most 3.9 of 20 -about 20% -would be expected to have this rate (90% C.L.). Hence, the rate distribution must extend over at least five orders of magnitude in R, given the expected flatness in log(R). In other words, while all FRBs may indeed repeat -it is, after all, observationally impossible to exclude an arbitrarily low repetition rate -either the majority of FRBs repeat with a very low rate, or else come from a separate population of once-off progenitor events.
Model dependence
Our limits on the repetition rate R have been calculated over a broad parameter space in burst spectrum (α), energy dependence of the burst rate (γ), and time-clustering (k). Nonetheless, there is no guarantee that the true behaviour of repeating FRBs lies within this space. How robust are our results to deviations from our model?
Firstly, regardless of the validity of the Weibull distribution as a quantitative model for burst wait times, these observations show evidence against clustering. The primary piece of information is viewing many one-off bursts, where clustering of any form would tend to favour either viewing many bursts, or none at all. The detection of repeat bursts from FRB 171019 over a broad spread of observation times also lends credence to this.
Secondly, these observations cover a relatively small spectral range, between 720 and 1900 MHz, and we emphasise that all rates are quoted relative to ASKAP observation parameters at 1.3 GHz. This both makes our conclusions more robust to spectral dependencies in FRB behaviour, but also completely insensitive to effects outside this range. In particular, the power-law spectral model does not appear to extend down to 184 MHz (Sokolowski et al. 2018) .
Thirdly, while the energy dependence of the burst rate is consistent between FRB 121102 and the entire FRB population, it is clearly possible for a single FRB to exhibit properties that deviate significantly from the population mean. For instance, the unusually steep spectral index for FRB 171019 considered here. Similarly, any given FRB could incur an excess DM and hence be located at a significantly lower redshift than is assumed when calculating absolute limits on the rate. Therefore, it is feasible that a small number of FRBs could violate the upper limits derived here. However, as a whole sample, the derived limits are relatively robust.
CONCLUSIONS
We have used the results of a survey of 27 ASKAP FRBs with the Robert C. Byrd Green Bank Telescope (GBT) and Parkes telescope to investigate FRB repetition. Only one FRB, 171019, has been detected to repeat, the details of which have already been reported by (Kumar et al. 2019) . We have used a simulation of repeating FRBs, combined with exact observation parameters, to set limits on the repetition properties of these 27 objects. In particular, we allow for clustered distributions of burst arrival times.
For 19 of the 26 FRBs not observed to repeat, we can exclude repetition rates comparable to that of FRB 121102, i.e. R(E > 10 38 erg) < 4 day −1 . For FRB 171019, the parameters of FRB 121102 estimated by Law et al. (2017) and Oppermann et al. (2018) are only consistent with observations at the ∼ 10% level. Clustering of burst arrival times are disfavoured, but cannot be excluded.
Our results -even including the one detected repeating object -set strong limits on the model of all bursts being attributable to repeating FRBs, with at most 18.5% (90% C.L.) of these FRBs having an intrinsic burst distribution similar to FRB 121102. In particular, for the FRB with lowest DM -FRB 171020 -the maximum rate is less than 1% that of FRB 121102, all other properties being equal. We cannot exclude however that individual FRBs may repeat at much higher rates in parts of the spectrum unprobed by these observations, e.g. < 700 MHz, or > 2 GHz, or do so with burst energy distributions more complex than the power laws investigated here.
